ABT-378, a new human immunodeficiency virus type 1 (HIV-1) protease inhibitor which is significantly more active than ritonavir in cell culture, is currently under investigation for the treatment of AIDS. Development of viral resistance to ABT-378 in vitro was studied by serial passage of HIV-1 (pNL4-3) in MT-4 cells. Selection of viral variants with increasing concentrations of ABT-378 revealed a sequential appearance of mutations in the protease gene: I84V-L10F-M46I-T91S-V32I-I47V. Further selection at a 3.0 M inhibitor concentration resulted in an additional change at residue 47 (V47A), as well as reversion at residue 32 back to the wild-type sequence. The 50% effective concentration of ABT-378 against passaged virus containing these additional changes was 338-fold higher than that against wild-type virus. In addition to changes in the protease gene, sequence analysis of passaged virus revealed mutations in the p1/p6 (P 1 residue Leu to Phe) and p7/p1 (P 2 residue Ala to Val) gag proteolytic processing sites. The p1/p6 mutation appeared in several clones derived from early passages and was present in all clones obtained from passage P11 (0.42 M ABT-378) onward. The p7/p1 mutation appeared very late during the selection process and was strongly associated with the emergence of the additional change at residue 47 (V47A) and the reversion at residue 32 back to the wild-type sequence. Furthermore, this p7/p1 mutation was present in all clones obtained from passage P17 (3.0 M ABT-378) onward and always occurred in conjunction with the p1/p6 mutation. Full-length molecular clones containing protease mutations observed very late during the selection process were constructed and found to be viable only in the presence of both the p7/p1 and p1/p6 cleavage-site mutations. This suggests that mutation of these gag proteolytic cleavage sites is required for the growth of highly resistant HIV-1 selected by ABT-378 and supports recent work demonstrating that mutations in the p7/p1/p6 region play an important role in conferring resistance to protease inhibitors (L. Doyon et al.,
The human immunodeficiency virus (HIV) contains an aspartyl protease whose function is required for the proper processing of Gag and Gag-Pol polypeptide precursors into the structural proteins of the virus (MA [p17], CA [p24], NC [p7], and p6) as well as the enzymes necessary for viral propagation (reverse transcriptase [RT] , integrase [IN] , and protease) (29) . Because inhibition of the HIV protease is known to result in the formation of noninfectious viral particles (18, 21) , the HIV protease has long been considered a good therapeutic target for the treatment of patients with AIDS (10) . Much progress has been made in recent years in the development of compounds that specifically inhibit this enzyme, and there are currently four protease inhibitors licensed for the treatment of patients infected with HIV. These compounds have greatly enhanced the repertoire of drugs available to HIV patients and have helped foster the hope that infection with HIV may someday be a successfully treated condition.
In spite of this remarkable progress, one of the most serious hurdles facing the successful clinical use of these compounds is the suppression of drug-resistant variants of HIV. Resistance to protease inhibitors has been observed in vitro and is due to specific mutations in the protease that lead to decreased drug sensitivity (11, 13, 16, 17, 20, 22, 23, 25, 28, 36) . Not unexpectedly, similar mutations have also been observed in vivo, leading to viral resistance in patients receiving therapy with these compounds (6, 7, 15, 24, 40) . Because of these limitations, it is important to investigate novel protease inhibitors that are not only more potent, but whose resistance profiles differ from those of the currently available compounds.
ABT-378 is a novel protease inhibitor, structurally related to ritonavir (ABT-538) (19, 22, 24) , that is currently in clinical development (Fig. 1 ). This compound is significantly more active than ritonavir in cell culture, even in the presence of human serum proteins (35) . Although ABT-378 produces a plasma drug profile that is similar to that of most other protease inhibitors when dosed alone, when codosed with small amounts of ritonavir, this compound achieves and maintains plasma drug levels that are highly suppressive of HIV replication in vitro (35) . Additionally, this compound retains high antiviral activity against ritonavir-resistant strains of HIV (35) . In this study, we describe the in vitro selection and characterization of HIV-1 variants having increased resistance to ABT-378. Specific mutations in the protease as well as in two of the gag proteolytic cleavage sites were characterized and were shown to be important in conferring resistance to this compound. The results observed during in vitro selection with ABT-378 may be predictive of possible resistance patterns observed in vivo and may aid in the clinical development and therapeutic utility of this compound.
MATERIALS AND METHODS

Cells and viruses.
MT-4 cells and CEM cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and antibiotics. Uninfected peripheral blood mononuclear cells (PBMCs) were purified from the whole blood of human donor volunteers by Ficoll gradient centrifugation. After 3 days of stimulation with phytohemagglutinin (PHA [5 g/ml]), PBMCs were maintained in PHA-free RPMI 1640 medium supplemented with 10% FBS, antibiotics, and interleukin-2 (50 U/ml). COS-7 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS and antibiotics. The HIV-1 pNL4-3 proviral DNA clone (1) was obtained from the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, and was contributed by Malcolm Martin.
Generation of ABT-378-resistant HIV-1 by in vitro passage. MT-4 cells (2 ϫ 10 6 ) were infected with NL4-3 at a multiplicity of infection (MOI) of 0.003 for 2 h, washed, and then cultured in the presence of ABT-378 at an initial concentration of 0.02 M. Viral replication was monitored by determination of p24 antigen levels in the culture supernatants by a commercial assay (Abbott Laboratories), as well as by observation for any cytopathic effect (CPE) present in the cultures. When p24 antigen levels exceeded 100 ng/ml, the viral supernatants were filtered and frozen at Ϫ80°C for subsequent analysis. Infected cells were washed, lysed, and then stored at Ϫ20°C for subsequent analysis of proviral DNA sequences. Virus was serially passaged by using one aliquot of viral supernatant from the preceding passage to infect fresh MT-4 cells in the presence of increasing concentrations of ABT-378, leading to the generation of viral stocks having increased resistance to ABT-378. The drug concentrations used in the selection protocol varied, depending on the level of viral replication present in the preceding passage. Typically, virus from the preceding passage was used to infect fresh MT-4 cells in the subsequent passage at three different drug concentrations. The cultures were monitored for viral replication, and supernatants from successfully infected cultures grown in the presence of the highest drug concentration were used to infect fresh MT-4 cells in the following passage. The selection was carried out for a total of 29 passages, with ABT-378 drug concentrations ranging from 0.02 M (passage 1 [P1]) to 5.0 M (P29) ( Table 1) . The titers of all viral stocks were determined on MT-4 cells, and the profile of cross-resistance of selected viral stocks to several protease inhibitors was determined with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (27) .
Titration and drug sensitivity of ABT-378-passaged viral stocks. Titers of passaged viral stocks were determined by infecting 2 ϫ 10 5 MT-4 cells with six serial half-log dilutions of virus for 3 h at 37°C. Following infection, the cells were washed, and 10 4 cells were plated into 96-well plates in 10-fold replicates for each dilution of virus. Five days later, the level of virus-induced CPE was measured in each culture by using the MTT colorimetric assay (27) , and the 50% tissue culture infective dose (TCID 50 ) of each passaged viral stock was determined by the Spearman-Karber method. For drug sensitivity assays, 10 6 MT-4 cells were infected with titered viral stocks at an MOI of 0.003 for 3 h at 37°C. The cells were then washed, and 10 4 cells were plated into 96-well plates in the presence of eight serial half-log dilutions of drug (threefold replicates for each drug dilution). On day 5, the virus-induced CPE in each culture was measured by the MTT colorimetric assay (27) , and the concentration of each compound which protected 50% of the cells from viral killing (50% effective concentration [EC 50 ]) was determined by linear regression analysis.
Sequence analysis of the protease coding region and proteolytic cleavage sites from selected passages. Infected cells from each passage were washed once with phosphate-buffered saline and then resuspended in 400 l of lysis buffer (100 mM KCL, 10 mM Tris-HCL [pH 8.0], 25 mM MgCl 2 , 1% Tween 20, 1% Nonidet P-40), followed by addition of proteinase K to a final concentration of 300 g/ml. Samples were then heated at 65°C for 1 h (or 37°C overnight) and then boiled at 100°C for 20 min. Proviral DNA sequences were amplified from infected-cell lysates representing 13 of the 29 total viral passages (P4 to P7, P11 to P17, P25, and P29) by a nested-PCR protocol. In the initial PCR, an 870-bp fragment containing the entire protease coding region and flanking regions in p7, p1, p6, and RT was amplified with primers 1 and 2 (5Ј-GCAAGAGTTTTGGCTGAA GC-3Ј and 5Ј-GGCAAATACTGGAGTATTGTATGGA-3Ј, respectively). An aliquot from this reaction was then used in the nested PCR to amplify a 620-bp fragment with internal primers 3 and 4 (5Ј-AAAATTGCAGGGCCCCTAGGA AAAAGGGCTG-3Ј and 5Ј-GTTTAACGTCTCGGCCATCCATTCCTGGC-3Ј containing ApaI and BsmBI sites, respectively). Two additional sets of primers were used to determine the sequence of the p17/p24/p2/p7 and RT/RNase/IN cleavage sites. Primers A and B (5Ј-AGTCCTCTATTGTGTGCATC-3Ј and 5Ј-GCCTGTCTCTCAGTACAATC-3Ј, respectively) were used to amplify a 1,043-bp fragment spanning the p17/p24 and p2/p7 junctions. Primers C and D (5Ј-TAGCCACAGAAAGCATAGTA-3Ј and 5Ј-TGTGTACAATCTAGCTGC CA-3Ј, respectively) were used to amplify a 756-bp fragment spanning the RT/ RNase and RNase/IN junctions. All PCRs were performed for 30 cycles under the following conditions: melting at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min. The amplified products were purified and then blunt-end ligated directly into the pCR-Script cloning vector (Stratagene). The ligation mixture was then used to transform Epicurian Coli supercompetent cells (Stratagene). Individual bacterial colonies were picked, and miniprep DNA was purified and then sequenced with the T7 sequencing kit (Pharmacia Biotech, Inc.). For each of the 13 different virus passages examined, protease sequences from 5 to 11 individual clones were obtained and analyzed (Fig. 2) .
Construction of full-length mutant HIV-1 DNA clones. Viral DNA amplified with primers 3 and 4 contains protease coding regions that are flanked by an upstream ApaI site (primer 3) and by a downstream BsmBI site (primer 4). This allows for direct isolation of ApaI-BsmBI fragments containing protease genes with specific mutations. ApaI-BsmBI fragments of interest (620 bp) were cloned into the 5Ј-NE shuttle vector (38) , which contains the 6,027-bp StuI-EcoRI fragment from pNL4-3, as well as an engineered BsmBI site at position 2593 of the HIV-1 sequence. ApaI-EcoRI fragments (3,737 bp) were then isolated and cloned into the pNL4-3 vector to generate full-length infectious DNA clones. For generation of clones containing cleavage-site mutations at the p1/p6 and p7/p1 junctions, mini-prep DNAs containing the desired protease mutations were first amplified with primer 5 (5Ј-GAGCTTCAGGTTTGGGG-3Ј) and primer 4 (described above) to generate 440-bp fragments containing the protease gene. Small aliquots of these PCR products were then used, along with upstream primer 3 (described above), in a second PCR to prime DNA synthesis off template DNAs containing mutations at the p1/p6 or p1/p6 plus p7/p1 junctions. ApaI-BsmBI fragments were then cloned and used to generate full-length infectious DNA clones as described above.
Titration and drug sensitivity of mutant HIV-1 molecular clones. COS-7 cells at 60% confluence on 100-mm-diameter tissue culture plates were transfected by DEAE-dextran (Sigma Chemical Co.) with 15 g of HIV-1 proviral DNAs containing the desired protease mutations. Five hours after the addition of DNA, the cells were shocked for 2 min with 10% dimethyl sulfoxide and then washed twice with phosphate-buffered saline (PBS) before undergoing refeeding with 10 ml of fresh medium. Forty-eight hours after transfection, the COS-7 cells were cocultivated with MT-4 cells for 3 days. Following the cocultivation, supernatants containing infectious virus were removed, centrifuged to remove cells, filtered, and then used to infect 2 ϫ Table 3 ) and is included in this table for comparison.
propagated in short-term cultures, and p24 antigen levels were monitored to determine peak viral activity, at which point viral supernatants were collected and aliquoted. Titers of molecularly cloned viral stocks were determined by infection of 2 ϫ 10 5 MT-4 cells with six serial half-log dilutions of virus for 3 h at 37°C. Following infection, the cells were washed, and 10 4 cells were plated into 96-well plates in fourfold replicates for each dilution of virus. Six days later, p24 antigen levels in the culture supernatants were measured, and the TCID 50 of each viral stock was determined by the Spearman-Karber method. For drug sensitivity assays, MT-4 cells were infected with titered stocks at an MOI of 0.003 for 3 h at 37°C and then plated in the presence of six serial half-log dilutions of drug (threefold replicates for each drug dilution). Six days postinfection, the p24 antigen levels in the culture supernatants were measured, and the EC 50 for each compound was determined.
RESULTS
Selection for ABT-378-resistant HIV-1 by in vitro passage.
In order to select HIV-1 resistant to ABT-378 in vitro, MT-4 cells were infected with NL4-3, and the virus was serially passaged in the presence of increasing concentrations of ABT-378 (Table 1) . Virus was initially grown in the presence of 0.02 M ABT-378 (P1), and during the course of the selection procedure, the drug concentration was increased to 5.0 M (P29). Following the selection, viral stocks from each passage were titered, and their susceptibility to ABT-378 was determined by the MTT colorimetric assay (27) . The initially passaged viruses (P1 to P4) displayed a sensitivity to ABT-378 similar to that of the parental NL4-3. Viruses selected after 5 to 16 passages (P5 to P16) were between 5-and 51-fold more resistant to ABT-378 than was the wild-type NL4-3 strain. Starting with P17, a highly resistant population emerged that differed from NL4-3 in its susceptibility to ABT-378 by 338-fold. The emergence of this highly resistant virus correlated with the appearance of specific mutations in the protease, as well as mutations in two of the gag proteolytic cleavage sites, as described in detail below. This mutation pattern was maintained and remained almost identical even after prolonged culture in the presence of a 5.0 M concentration of ABT-378 (P29, Table 1 and Fig. 2 ).
Sequence analysis of the protease coding region from selected passages. Proviral DNA sequences from infected cells from P4 to P7, P11 to P17, P25, and P29 were cloned and sequenced as described in Materials and Methods. A complete listing of individual protease sequences and their frequency at each passage is shown in Fig. 2 . The wild-type protease gene sequence was observed in a large majority of the clones obtained from the early P4 and P5 passages (11 of 13 clones) but was not observed in any other clone obtained after P5.
By P6, a predominant I84V mutation had emerged which was present in 7 of 11 clones. This mutation was present in all but one clone sequenced after P6, suggesting that it is a critical mutation selected at an early stage necessary to confer resistance to ABT-378. P6 was also marked by the appearance of two additional mutations (L10F and M46I), which were present in all clones sequenced after P7. Although only present in 4 of 11 clones from P6, the L10F mutation appeared in all 11 clones from P7, as well as in all subsequent clones. Similarly, the M46I mutation was present in 2 of 11 clones from P6, 4 of 11 clones from P7, and in all subsequent clones. The persistence of these additional mutations suggests that they too contribute to the ABT-378-resistant phenotype. Similar mutations at positions 10 and 46 have commonly been observed following in vitro or in vivo selection with other protease inhibitors (6, 7, 11, 13, 17, 20, 22, 23, 25, 28, 32, 36) . a Mutations at eight residues were consistently observed during in vitro selection with ABT-378. These mutations are listed at the top of the table and are shown as they appeared during the selection process. Dashes between mutations indicate changes that were initially observed during the same passage, making it difficult to determine an exact order of appearance. Arrows between mutations indicate a clear sequential appearance of a particular change. For each viral passage indicated on the left-hand side of the table, the concentration of drug used during selection and the total number of clones analyzed are indicated. Underneath each mutation, the number of clones in each passage containing that mutation is indicated, with numbers representing mutation frequencies of at least 50% indicated in boldface. Although the V32I mutation was initially seen in P6, it was then not seen again until P13, and is therefore listed after the T91S mutation. Residue 47 underwent a mutation from Ile to Val, which was then followed by an additional change from Val to Ala. By P11, the emergence of a fourth highly conserved mutation, T91S, was observed in five of seven clones. Although clones from subsequent passages were obtained that did not contain this substitution, the T91S mutation was observed at a frequency of at least 60% in all passages after P11. Passaged viruses that were 36-to 51-fold more resistant to ABT-378 than was the parental NL4-3 virus (P13 to P16) were marked by the appearance of two additional mutations, V32I and I47V. Although only present in one of five clones from P13, both mutations were present at a frequency of 80% in each of the next three passages, and they always appeared together in the same clone, with the exception of a single clone obtained from P16.
Between P16 and P17, a significant change in genotype was observed that correlated with a Ͼ6-fold reduction in sensitivity. Comparison of the clones obtained at P17 with those obtained from P16 revealed two active-site changes: a reversion of residue 32 back to the wild-type sequence and an additional amino acid change at residue 47 from Val to Ala. These activesite changes occurred in tandem in all but 2 of 22 clones examined from P17 onward, suggesting an interplay of mutational changes at these two positions in the development of highly resistant virus.
In addition to the two active-site changes observed at P17, two additional non-active-site mutations appeared at P17 that persisted even after prolonged culture at a 5.0 M concentration of ABT-378 (P29). The G16E mutation was present in all but one clone examined from P17 onward, while the H69Y mutation was present in two-thirds of the clones examined from P17 onward. Since neither residue lies in close proximity to the active site of the enzyme, it is not clear what role, if any, mutations at these positions may play in conferring resistance to the virus. The eight common residues that undergo mutation during ABT-378 selection are shown in Fig. 3 , and the frequency of mutation observed for each viral passage is shown in Table 2 . Based on this analysis, it appears that the increased resistance to ABT-378 obtained during in vitro selection may be attributed to the sequential accumulation of specific mutations in the protease.
Sensitivity of HIV-1 selected in vitro by ABT-378 to ritonavir and saquinavir. Four viral passages were examined to determine the phenotypic susceptibility to ABT-378 and the level of cross-resistance to ritonavir (19, 22, 24) and saquinavir (14) (15) (16) 32) (Table 3 ). The four passages (P7, P11, P14, and P17) were chosen not only to reflect a broad range of resistance to ABT-378 (Table 1) but also because sequence analysis of clones obtained from these passages revealed relatively homogeneous populations of virus that contained few sporadic mutations ( Fig. 2 and Table 2 ). Furthermore, examination of the common amino acid substitutions observed during in vitro selection with ABT-378 (Table 2) revealed that these four passages represent distinct steps in the sequential accumulation of mutations in the protease. As expected, the resistance to ABT-378 was higher in later passages, reflecting the increasing concentration of drug used during viral selection. While P7 and P11 viruses displayed moderate resistance to ABT-378 (4-and 12-fold higher than NL4-3, respectively), the P14 virus was 46-fold more resistant to ABT-378 than was the NL4-3 strain. Very-high-level resistance (338-fold higher than NL4-3) was observed starting with the P17 virus. This sudden and dramatic increase in resistance was unexpected, but most likely reflects the important mutational changes which occur in the protease beginning with this passage as described above.
The P17 virus was also more resistant to ritonavir (21-fold higher than NL4-3). However, this passaged virus remained very sensitive to saquinavir, showing only a modest fourfold increase in resistance compared to NL4-3. The lack of crossresistance to saquinavir observed with ABT-378-resistant viruses reflects the difference in the pattern of protease mutations selected by this compound in comparison to other protease inhibitors (6, 16, 22, 24, 32) .
In vitro selection with ABT-378 results in mutations in two proteolytic cleavage sites. Recently, Doyon et al. (11) identified changes in the HIV-1 gag p7/p1 and p1/p6 proteolytic cleavage sites during in vitro selection with the protease inhibitor BILA 2185 BS. To see if similar changes occurred in response to selection with ABT-378, we sequenced a portion of the gag gene spanning the p7/p1 and p1/p6 junctions from clones obtained from 11 different passages (Fig. 4) . A mutation identical to that reported in the previous study (11) was observed at the p1/p6 junction, in which the P 1 Ј residue was altered from Leu to Phe. This mutation was seen in 30% of the P7 clones and in all clones examined after P7. Interestingly, this mutation was also found in one of eight clones obtained from P4 that contained none of the common protease gene mutations discussed above. In later passages, a second cleavage-site mutation was observed at the p7/p1 junction in which the P 2 residue was altered from Ala to Val. This mutation differed from the mutation reported by Doyon et al. a The resistance of each viral passage to three protease inhibitors was determined with MT-4 cells by the MTT colorimetric assay (27) . The values shown are representative of three separate experiments.
b Fold resistance relative to the NL4-3 EC 50 .
which both the P 2 and P 3 residues were altered at the p7/p1 junction, but was identical to a mutation observed in vivo by Zhang et al. (40) in six patients who developed drug resistance during therapy with indinavir. The emergence of the p7/p1 mutation correlated with the active-site changes at residues 32 and 47 observed in P17 and described above. With the exception of one clone from P13 and one from P16, all clones containing the p7/p1 mutation also contained the wild-type reversion at residue 32 and the additional change at residue 47 from Val to Ala. Furthermore, all clones examined after the virus had acquired significant resistance to ABT-378 (P17 onward) contained these activesite alterations as well as mutations at both the p1/p6 and p7/p1 cleavage sites. Cleavage-site mutations may be limited to the p1/p6 and p7/p1 junctions, however, since sequence analysis of all remaining gag and pol cleavage sites from clones obtained from each of three different late viral passages (P16, P17, and P29) revealed no additional mutations (3) . Similarly, mutations at the p1/p6 and p7/p1 junctions were the only two cleavagesite alterations observed with the protease inhibitor BILA 2185 BS (11) .
Mutation of both p1/p6 and p7/p1 proteolytic cleavage sites is required for the growth of highly resistant HIV-1 selected by ABT-378. Sequence analysis of multiple clones derived from viral passages can give a good approximation of the predominant genotypes present in a viral population. However, given the relatively small sample size of clones analyzed from each passage, we could not exclude the possibility that the resistance phenotype observed for the passaged virus (Table 3) was caused by viral species representing relatively minor components of the overall viral population that were not identified by clonal sequencing. To address this issue more directly, we constructed a series of molecular clones representing distinct steps in the sequential accumulation of protease mutations observed during selection with ABT-378 (Fig. 5) . Constructs containing three, four, and six mutations in the protease were prepared (constructs c7, c11, and c14), paralleling the protease FIG. 5. Panel of full-length HIV-1 DNA clones. Amino acid sequences for the wild-type (wt) pNL4-3 p7/p1 and p1/p6 cleavage sites are indicated above the schematic diagram of the p7/p1/p6/protease gene region, while the sequences of the mutated p7/p1 and p1/p6 cleavage sites are shown underneath. In addition, the wild-type sequences for the eight common amino acids which undergo mutation during in vitro selection with ABT-378 are indicated. Beneath the diagram, the protease (prot) sequences for the panel of HIV-1 DNA clones are shown. Clones were named to reflect the initial viral passage in which that particular protease sequence was observed. The presence of the p1/p6 mutation (mut) is designated by m1 in the name of the clone, while the presence of the p7/p1 mutation is designated by m2 in the name of the clone. Clones indicated by the asterisks failed to generate infectious virus in either MT-4 cells, CEM cells, or PBMCs and are therefore not included in Table 4 . mutations observed at passages P7, P11, and P14, respectively. Since we were also interested in determining how mutations in the proteolytic cleavage sites might affect viral resistance, the p1/p6 mutation was introduced in the context of the same protease mutations (constructs c7.m1, c11.m1, and c14.m1). Constructs containing the consensus protease sequence observed in passages P17 to P29 were also prepared, either with (c17[69Y]) or without (c17) the H69Y mutation seen in twothirds of clones starting with P17. Both of the latter constructs, as well as the wild-type protease sequence from pNL4-3, were prepared in the context of a wild-type cleavage site, a mutated p1/p6 cleavage site, and mutated p1/p6 plus p7/p1 cleavage sites (Fig. 5) . Infectious virus was generated from the molecular clones by short-term passage in MT-4 cells, as described in detail in Materials and Methods. In the absence of both p1/p6 and p7/p1 cleavage-site mutations, we were unable to generate any virus from constructs containing the protease consensus sequence from the highly resistant passages P17 to P29. Multiple attempts performed with different cell types (MT-4 cells, CEM cells, and PBMCs) failed to generate infectious virus if the highly mutated proteases were placed in constructs containing either wild-type cleavage sites (c17 and c17[69Y]) or only a mutated p1/p6 cleavage site (c17.m1 and c17[69Y].m1), even after prolonged passage in culture (3). This is consistent with the observation that all clones sequenced from P17 onward contained both p1/p6 and p7/p1 mutations (Fig. 4) and underscores the important role proteolytic cleavage-site mutations may play in compensating for the decreased ability of virus containing multiple protease mutations to replicate. Antiviral activity of three protease inhibitors against HIV-1 molecular clones. The susceptibility of HIV-1 molecular clones to the three protease inhibitors ABT-378, ritonavir, and saquinavir was examined ( Table 4 ). The EC 50 values in these experiments were determined by measurement of p24 levels in culture supernatants, as described in Materials and Methods. This is a more sensitive method than determination by the MTT colorimetric assay, which utilizes cell cytopathicity as an end point (27) , and as a result, the EC 50 values in these experiments are about threefold lower than corresponding values obtained with the MTT colorimetric assay (compare NL4-3  EC 50 values from Tables 3 and 4) .
As expected, the degree of resistance to ABT-378 increased in clones containing sequential protease mutations, paralleling a similar increase in resistance observed with the passaged virus (Table 3) . Thus, the EC 50 of ABT-378 against the c7, c11, and c14 clones differed by 6-, 9-, and 25-fold, respectively, from the EC 50 against the wild-type clone. The effects of the p1/p6 cleavage-site mutation differed, depending on the nature of mutations present in the protease. In constructs containing the wild-type protease, addition of either the p1/p6 or p1/p6 plus p7/p1 cleavage-site mutations (NL4-3.m1 and NL4-3.m1.m2, respectively) did not significantly decrease the susceptibility to any of the three inhibitors. A similar observation was seen in constructs with or without the p1/p6 cleavage-site mutation and either three (c7 versus c7.m1) or four (c11 versus c11.m1) protease mutations. Addition of the p1/p6 mutation in the context of a protease bearing six mutations resulted in a modest (fourfold) increase in the resistance to ABT-378 (c14 versus c14.m1), although resistance to ritonavir and saquinavir remained unaffected. Constructs containing protease mutations observed very late during in vitro selection, which were viable only in the context of both the p1/p6 and p7/p1 cleavage-site mutations, displayed dramatically increased resistance to ABT-378 (approximately 240-fold), although the presence or absence of the H69Y mutation (c17[69Y].m1.m2 versus c17.m1 .m2, respectively) did not affect the phenotypic susceptibility. The substantial increase in EC 50 observed with these molecular clones parallels the results observed with the P17 virus ( Table 3 ) and suggests that in the context of a highly mutated protease, mutation of both the p1/p6 and p7/p1 proteolytic cleavage sites plays an important role in the development of high-level resistance to ABT-378.
With the exception of the c17.m1.m2 and c17[69Y].m1.m2 clones, the susceptibility of the viral clones to ritonavir also mirrored that of the corresponding passaged virus (Tables 3  and 4 ). The reason for this discrepancy is not entirely clear, but may be attributed to highly ritonavir-resistant viral species present in relatively minor amounts in the P17 viral population that differ from either the c17.m1.m2 or the c17[69Y].m1.m2 clone. All clones, including those highly resistant to ABT-378, showed a similarly high sensitivity to saquinavir, as observed with the passaged virus. However, because of the limitations in correlating drug selection data obtained in vitro with possible resistance patterns observed in vivo, the effectiveness of saquinavir in suppressing the emergence of ABT-378-resistant variants in vivo remains unknown.
DISCUSSION
In this study, we have shown that in vitro selection of HIV-1 with increasing concentrations of the protease inhibitor ABT-378 leads to the sequential accumulation of specific mutations in the protease. Of the eight residues which were found to be commonly mutated during in vitro selection, three lie within the active site of the protease (residues 32, 47, and 84), while the other five lie outside of the active site (residues 10, 16, 46, 69, and 91). The mutations in the protease were accompanied by mutations in two of the gag proteolytic cleavage sites (p1/p6 and p7/p1). Highly ABT-378-resistant viruses emerging late during in vitro selection contained multiple protease mutations, along with mutations at both the p1/p6 and p7/p1 cleavage sites. Mutations at both of these cleavage sites were required for the growth of highly resistant infectious molecular clones constructed to parallel the protease mutations observed during in vitro selection with ABT-378. Both the highly ABT-378-resistant viruses and molecular clones retained high sensitivity to saquinavir and partial sensitivity to ritonavir.
Many studies have shown that strains of HIV-1 containing protease mutations that developed in response to the selective pressure of protease inhibitors also display impaired growth kinetics (8, 11, 22, 40) . Although mutations in the active site of the protease can lead to the development of drug resistance by increasing the K i of the inhibitor (13, 25, 26) , these mutations can also result in impaired protease function and polyprotein processing, thus leading to slower viral growth. A recent study by Schock et al. (34) indicates that non-active-site mutations in the protease may partially circumvent the problem of impaired protease function by enhancing the catalytic efficiency of the enzyme. In that study, the presence of two non-active-site mutations (M46I/L63P) enhanced the catalytic efficiency of both the wild-type protease and a protease containing two active-site mutations (V82A/I84V). Similarly, deficient polyprotein processing by mutant proteases appears to be partially alleviated by mutations in gag proteolytic cleavage sites, resulting in the generation of better substrates for proteolytic cleavage. Doyon et al. (11) have shown that peptides containing mutant p1/p6 and p7/p1 cleavage sites are more efficiently cleaved in vitro by both mutant and wild-type proteases than are the corresponding peptides containing wild-type cleavage sites. This observation correlates with earlier studies showing that peptides containing wild-type p1/p6 and p7/p1 proteolytic cleavage sites are relatively inefficient substrates for proteolytic cleavage (9, 37, 39) . Nevertheless, the natural variation of HIV-1 strains observed in vivo at the p1/p6 and p7/p1 cleavage sites appears to be extremely low (2) and suggests there is a strong evolutionary advantage in maintaining these inefficiently processed sequences intact, perhaps mandated by the strict amino acid sequence requirements near the scissile bonds, which generally tend to be hydrophobic in nature (30, 31) .
The in vitro resistance to ABT-378 is associated with the appearance of both active-site mutations (residues 32, 47, and 84) and non-active-site mutations (residues 10, 16, 46, 69, and 91) in the protease (Fig. 3) , as well as mutations in two of the gag proteolytic cleavage sites (p1/p6 and p7/p1). Residues 10, 16, 69, and 91 are found on the surface of the protein distant from the active site and are not in direct contact with the inhibitor. The mutations at these positions may have subtle effects on the catalytic efficiency and/or inhibitor binding affinity of the enzyme. Residue 46 is also not in direct contact with the inhibitor, but is located in the flexible flap loop of the enzyme (4, 12) . Mutations at this position have been shown to affect the dynamics of flap movement (5), which may influence enzyme kinetics by altering the on/off rate of the substrate or by affecting inhibitor access to the active site.
Of more direct importance to inhibition by ABT-378 are the active-site mutations at positions 32, 47, and 84. Residues 32 and 47 comprise the symmetry-related S 2 and S 2 Ј pockets, while residue 84 lies at the interface of the S 1 Ј and S 2 pockets (and symmetry-related S 1 and S 2 Ј pockets) and forms part of each pocket. Binding of ABT-378 places hydrophobic substituents, specifically an isopropyl group and a 2,6-dimethylphenyl group (Fig. 1) , near these side chains. A single change at residue 84 (I84V) impacts the binding of ABT-378 into all four hydrophobic pockets of the enzyme active site. This alteration opens up an unfilled volume approximately the size of a methyl group within the active-site cavity when bound with ABT-378 (compare Fig. 6A and B with C and D). Because of the resulting decreased Van der Waal contacts and decreased hydrophobic interactions, the I84V mutant enzyme would be expected to be less sensitive to ABT-378 than the wild-type enzyme. The appearance of viruses containing the I84V mutation very early during in vitro selection with ABT-378 (P6) is in accord with the key location and orientation of this residue relative to ABT-378.
Dual changes at positions 32 and 47 were observed beginning at P13. The interplay between the side chains of these two residues has been discussed previously (33) and is further supported by crystallographic evidence indicating that the side chains of these two residues are in direct contact with one another in the S 2 pocket of the HIV protease (12) . The mutations occurring at P13 (V32I and I47V) are the equivalent of a transfer of a methyl group from one side chain to another, which results in no net change in the active-site volume (compare Fig. 6A with C) . While the total volume of the S 2 pocket does not change, modeling studies suggest that there is a subtle reorganization of that volume such that a slight steric clash with ABT-378 is induced, resulting in decreased affinity of ABT-378 for the V32I/I47V mutant enzyme (compare Fig. 6B  with D) .
Beginning with passage P17, residue 32 reverts to wild type, while residue 47 undergoes an additional alteration from Val to Ala. This results in the loss of one methylene group at residue 32 and the loss of two methylene groups at residue 47, for a net loss of three methylene groups (Fig. 6E) . These alterations create a large change in the volume and shape of the active site, which would be expected to dramatically diminish the interaction between the protease and ABT-378, producing a significant decline in inhibitor potency (Fig. 6F) . This hypothesis is supported by the dramatic (greater than sixfold) difference in ABT-378 sensitivity observed between the P16 and P17 viruses (Table 1) . Coincident with the changes in the enzyme active site, a substrate change in the P 2 residue at the p7/p1 junction from Ala to Val was observed. Therefore, in addition to an increase in the enzyme active-site volume, there has been a corresponding increase in the volume required by the substrate (Fig. 6E and F) . This change is consistent with the significant drop in ABT-378 potency and presumably allows enzyme activity that is sufficient for polyprotein processing. The nonviability of clones c17, c17.m1, c17[69Y], and c17[69Y].m1 (Fig. 5) , which contain the active-site alterations discussed above but lack the substrate modification at the p7/p1 junction, supports this conclusion.
Two previous studies have now shown that resistance to protease inhibitors correlates with the appearance of mutations not only in the protease, but also in at least one of the proteolytic cleavage sites (11, 40) . The present study extends these observations to a third protease inhibitor and suggests that in response to the selective pressure exhibited on the virus by this class of compounds, mutation of proteolytic cleavage sites may be a somewhat general strategy employed by HIV-1 to facilitate the growth of virus containing impaired protease function. While limitations exist in the extent to which in vitro observations can be extrapolated to predict results seen in vivo, it is interesting to note that the p7/p1 mutation associated with the emergence of HIV-1 that is highly resistant to ABT-378 is identical to the mutation observed in six of six patients who developed drug resistance during therapy with indinavir (40) . Although the results from the in vitro studies shown here and by Doyon et al. (11) indicate that mutations at proteolytic cleavage sites occur after mutations in the protease have developed, results from the in vivo study indicate that cleavagesite mutations can appear at approximately the same time as mutations in the protease (40) . The results of the present study, along with those of earlier studies, suggest that the p7/p1/p6 region may be an important determinant of viral resistance that should be examined in patient populations receiving therapy with other protease inhibitors.
